Control of civil engineering structures for earthquake hazard mitigation represents a relatively new area of research that is growing rapidly. Control systems for these structures have unique requirements and constraints. For example, during a severe seismic event, the external power to a structure may be severed, rendering control schemes relying on large external power supplies ineffective. Magnetorheological (MR) dampers are a new class of devices that mesh well with the requirements and constraints of seismic applications, including having very low power requirements. This paper proposes a clipped-optimal control strategy based on acceleration feedback for controlling MR dampers to reduce structural responses due to seismic loads. A numerical example, employing a newly developed model that accurately portrays the salient characteristics of the MR dampers, is presented to illustrate the effectiveness of the approach.
Introduction
The tragic consequences of the recent earthquakes in Kobe, Japan and in Los Angeles, California have underscored, in terms of both human and economic factors, the tremendous importance of the way in which buildings and bridges respond to earthquakes. In the last decade, significant effort has been devoted to the possibility of employing various control strategies in the design of engineering structures to increase their safety and reliability against strong earthquakes [20, [22] [23] [24] 39] . These control approaches are often termed protective systems and offer the advantage of being able to modify dynamically the response of a structure in a desirable manner. Moreover, structural control systems can be an effective means by which existing structures can be retrofitted or strengthened to withstand future seismic activity.
To date, active structural control has been successfully applied in over twenty commercial buildings and more than ten bridges (during erection) [20] . Yet there are a number of serious challenges that remain before active control can gain general acceptance by the engineering and construction professions at large. These challenges include: (i) reduction of capital cost and maintenance, (ii) eliminating reliance on external power, (iii) increasing system reliability and robustness, and (iv) gaining acceptance of nontraditional technology by the profession. Semi-active control strategies appear to be particularly promising in addressing a number of these challenges [43] .
Semi-active control devices potentially offer the reliability of passive devices, yet maintain the versatility and adaptability of fully active systems. According to presently accepted definitions, a semi-active control device is one which cannot input energy into the system being controlled. Such devices typically have extremely low power requirements, which is particularly critical during seismic events when the main power source to the structure may fail.
Various semi-active devices have been proposed which utilize forces generated by surface friction or viscous/viscoelastic-plastic fluids to dissipate vibratory energy in a structural system. Examples of such devices that have been considered for civil engineering applications include: variable orifice dampers [9, 26, 29, 34, 36, 38] , controllable friction braces [1, 10] , controllable friction isolators [19] , variable stiffness devices [27] , and electrorheological (ER) dampers [2, 17, 18, 21, 30, 32] . The effectiveness of one semi-active control system employing a variable stiffness system has already been proven in a low-rise building in Japan [28] .
Magnetorheological (MR) dampers are new semi-active control devices that use MR fluids to provide controllable dampers that are quite promising for civil engineering applications [8, 15, 42] . They offer highly reliable operation at a modest cost and can be viewed as fail-safe in that they become passive dampers should the control hardware malfunction. This paper first presents a recently developed model for a prototype MR damper [42] that has been studied in the Structural Dynamics and Control / Earthquake Engineering Laboratory (http://www.nd.edu/~quake/) at the University of Notre Dame. Then a clipped-optimal acceleration feedback control strategy is proposed for controlling the MR damper. The effectiveness of the proposed algorithm and the usefulness of MR dampers for structural response reduction are demonstrated through a numerical example employing a seismically excited three story model building.
MR Damper Behavior and Modeling
Magnetorheological fluids recently developed by the Lord Corporation [3] [4] [5] [6] [7] (see also http:// www.rheonetic.com/mrfluid/) have many attractive features, including high yield strength, low viscosity and stable hysteretic behavior over a broad temperature range. MR fluids are the magnetic analogs of electrorheological (ER) fluids and typically consist of micron-sized, magnetically polarizable particles dispersed in a carrier medium such as mineral or silicone oil. When a magnetic field is applied to the fluids, particle chains form, and the fluid becomes a semi-solid, exhibiting plastic behavior similar to that of ER fluids. Transition to rheological equilibrium can be achieved in a few milliseconds, providing devices with high bandwidth. Additionally, the achievable yield stress of modern MR fluids is in excess of 80 kPa, allowing for devices capable of generating large forces such as are required for full-scale installations. In fact, MR dampers with a capacity of 20 tons have been designed, with testing to begin in the summer of 1996 [8] . Moreover, MR fluids can operate at temperatures from -40 to 150 o C with only slight variations in the yield stress. Consequently, devices based on MR fluids are viable candidates for installation in both exterior civil infrastructure applications (e.g., bridges, towers, etc.) as well as enclosed applications (e.g., buildings, secondary systems, etc.).
To evaluate the potential of MR dampers in structural control applications and to take full advantage of the unique features of these devices, a model must be developed that can accurately reproduce the behavior of the MR damper. A prototype MR damper has been considered, which was obtained for evaluation from the Lord Corporation and is comprised of a fixed orifice damper filled with an MR fluid [42] . The damper is 21.5 cm long in its extended position, and the main cylinder is 3.8 cm in diameter. The main cylinder houses the piston, the magnetic circuit, an accumulator and 50 ml of MR fluid, and the damper has a cm stroke. As shown in Fig. 1 , the magnetic field produced in the device is generated by a small electromagnet in the piston head. The current for the electromagnet is supplied by a linear current driver running off of 120 V AC, which generates a 0-1 amp current that is proportional to an applied DC input voltage in the range 0-3 V. The peak power required is less than 10 watts, which could allow the damper to be operated continuously for more than an hour on a small camera battery. Forces of up to 3000 N can be generated with the device. The force is stable over a broad temperature range, varying less than 10% in the range of -40 to 150 degrees Celsius. The rise time (defined as the time required to go from 10% to 90% of the final value) in the force generated by the MR damper during a constant velocity test when a step in the voltage is applied to the current driver is approximately 8 msec. This behavior is primarily due to the time the MR fluid in the damper takes to reach rheological equilibrium and the time lag associated with the dynamics of driving the electromagnet in the MR damper.
The response of the MR damper due to a 2.5 Hz sinusoid with an amplitude of 1.5 cm is shown in Fig. 2 for four constant voltage levels, 0 V, 0.75 V, 1.5 V, and 2.25 V, being applied to the current driver for the device. These voltages correspond to 0 A, 0.25 A, 0.5 A and 0.75 A, respectively. Saturation of the MR effect begins in the tested device when the applied voltage is 2.25 V (0.75 A). Thus, attention is restricted to voltages between 0 and 2.25 V. The measured forces are shown as a function of time in Fig. 2a , the force-displacement loops are shown in Fig. 2b , and the force-velocity loops are shown in Fig. 2c . The force-displacement loops in Fig. 2b progress along a clockwise path with increasing time, whereas the force-velocity loops in Fig. 2c progress along a counter-clockwise path with increasing time. Note that the nonzero mean force produced by the MR damper is due to the accumulator (see Fig. 1 ). 
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Wires to Electromagnet
In Fig. 2 , the effects of changing the magnetic field are readily observed. At 0 V the MR damper primarily exhibits the characteristics of a viscous device (i.e., the force-displacement relationship is approximately elliptical, and the force-velocity relationship is nearly linear). However, as the voltage increases, the force required to yield the fluid increases and produces behavior associated with a plastic material in parallel with a viscous damper, i.e., Bingham plastic behavior [37] .
The simple mechanical idealizations of the MR damper depicted in Fig. 3 has been shown to accurately predict the behavior of the prototype MR damper over a broad range of inputs [42] . The applied force predicted by this model is given by (1) or equivalently (2) where the evolutionary variable is governed by [45] 
Here, the accumulator stiffness is represented by , the viscous damping observed at larger velocities by . A dashpot, represented by , is included in the model to introduce the nonlinear roll-off in the force-velocity loops that was observed in the experimental data at low velocities, is present to control the stiffness at large velocities, and is the initial displacement of spring associated with the nominal damper force due to the accumulator. By adjusting the parameters of the model , and , one can control the shape of the hysteresis loops for the yielding element.
To account for the dependence of the force on the voltage applied to the current driver and the resulting magnetic current, Spencer, et al. [42] have suggested (5) (6) (7) where is given as the output of a first-order filter given by (8) and is the commanded voltage sent to the current driver. Eq. (8) is necessary to model the dynamics involved in reaching rheological equilibrium and in driving the electromagnet in the MR damper.
A constrained nonlinear optimization was used to obtain the 14 model parameters in Eqs. (1) (2) (3) (4) (5) (6) (7) (8) . The optimization was performed using the sequential quadratic programming algorithm available in MATLAB [31] . Optimized parameters were determined to fit the generalized model to the experimental data in a variety of tests. The resulting parameters are given in Table 1 . 
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To illustrate the validity of this model, a random displacement and a random voltage were applied to the MR damper simultaneously, and the results compared with those predicted by the model. Here, the displacement was chosen to be a narrow-band Gaussian excitation representative of the response of a scaled model structure, and the voltage to the current driver was prescribed as a binary noise with a value of either 0 V or 2.25 V (Fig. 4) . Figure 5 shows a comparison between the experimental and predicted behavior of the damper. Excellent agreement is found between the force predicted by the model and the experimentally measured forces. Therefore, the model given in Eqs. (1)- (8) and the parameters given Table 1 will be employed in the subsequent sections to demonstrate the potential of the use of MR technology for seismic response reduction. 
Clipped-Optimal Control Algorithm Development
Previous researchers have found semi-active control systems can potentially achieve the majority of the performance of fully active systems [25, 33, 35, 44] . Because semi-active control devices are inherently stable (in a bounded input -bounded output sense), high authority control strategies may be designed and implemented, which, in practice, may result in performances that can even surpass that of an actively controlled structure.
In this study, a type of clipped-optimal controller [35, 44] based on acceleration feedback is proposed. To date, most of the current active structural control strategies for aseismic protection have been based on either full-state feedback (i.e., all structural displacements and velocities) or on velocity feedback. However, accurate measurement of displacements and velocities is difficult to achieve directly in full-scale applications, particularly during seismic activity, since the foundation of the structure is moving with the ground. Because accelerometers can readily provide reliable and inexpensive measurement of accelerations at arbitrary points on the structure, development of control methods based on acceleration feedback is an ideal solution to this problem and will be presented subsequently.
Consider a seismically excited structure controlled with a single MR damper. Assuming that the forces provided by the MR damper are adequate to keep the response of the primary structure from exiting the linear region, then the equations of motion can be written as (9) is a one-dimensional ground acceleration, is the measured force generated between the structure and the MR damper (e.g., Eq. (1) or (2)), and is the state vector. The measurement equation is given by (10) where is the vector of measured outputs, and is the measurement noise vector. In this application, the measurements typically available for control force determination include the acceleration of selected points on the structure, the displacement of the MR damper and the measurement of the control force provided by the MR damper.
The approach proposed here is to append a force feedback loop [25] to induce the MR damper to produce approximately a desired control force . A linear optimal controller is then designed that provides the desired control force based on the measured responses , and the measured force , i.e., (11) where { } is the Laplace transform. Although the controller can be obtained from a variety of synthesis methods, the /LQG strategies are advocated herein because of the stochastic nature of earthquake ground motions and because of their successful application in other civil engineering structural control applications [12, 13, 13, 40, 41] .
The force generated by the MR damper cannot be commanded; only the voltage applied to the current driver for the MR damper can be directly changed. To induce the MR damper to generate approximately the desired optimal control force , the command signal is selected as follows. When the MR damper is providing the desired optimal force (i.e., ), the voltage applied to the damper should remain at the present level. If the magnitude of the force produced by the damper is smaller than the magnitude of the desired optimal force and the two forces have the same sign, the voltage applied to the current driver is increased to the maximum level so as to increase the force produced by the damper to match the desired control force. Otherwise, the commanded voltage is set to zero. The algorithm for selecting the command signal is graphically represented in Fig. 6 and can be concisely stated as (12) where is the voltage to the current driver associated with saturation of the magnetic field in the MR damper, and ( ) is the Heaviside step function. A block diagram of this semi-active control system is shown in Fig. 7 .
Numerical Example
The performance of the clipped-optimal control algorithm presented in the previous section is now evaluated through numerical simulation. A model of a three-story building configured with a single MR damper is considered. The MR damper is rigidly connected between the ground and the first floor of the structure. A diagram of the MR damper implementation is shown in Fig. 8 . The equations of motion of the structure are given by
where is the measured control force, defined by Eqs. (1-8) , is a vector of the displacements of the three floors of the structure relative to the ground. The system matrices are , 
This system is a simple model of the scaled, three-story, test structure, described in [12, 13] , which has been used in previous active control studies at the Structural Dynamics and Control / Earthquake Engineering Laboratory (SDC/EEL) at the University of Notre Dame. Because the MR damper is attached between the first floor and the ground, its displacement is equal to the displacement of the first floor of the structure relative to the ground, i.e., in Eqs. (1-4) . The structural measurements used for calculating the desired control force include the absolute accelerations of the three floors of the structure, and the displacement of the MR damper (i.e., ). Thus, Eq. (13) can be written in the form of Eqs. (9-10) by defining
,
The MR damper parameters given in Table 1 are used for the simulation studies, except that an appropriate translation of coordinates is made to cancel the initial offset caused by the accumulator in the MR damper (i.e., was set at zero). The essential effect was to eliminate the need to consider asymmetry in the results. 
Acceleration feedback control strategies based on /LQG methods, developed and experimentally verified in [12] [13] 40] , are employed to design the optimal controller in Eq. (11) for the system in Eq. (13) .
For the control design, the absolute acceleration of the ground, , is taken to be a stationary white noise, and an infinite horizon performance index is chosen that weights the acceleration of the third floor, i.e., .
A wide variety of controllers were evaluated. The best results were obtained using and choosing all of the elements of the weighting matrix Q are zero, except for . Further, the measurement noise is assumed to be identically distributed, statistically independent Gaussian white noise processes, and . The controller is (17) where . Here, is the full state feedback gain matrix for the deterministic regulator problem given by (18) where is the solution of the algebraic Ricatti equation given by (19) and (20) where is the solution of the algebraic Ricatti equation given by (21) Calculations to determine and were performed using the control toolbox in MATLAB (1994).
In simulation, the model of the structure is subjected to the NS component of the 1940 El Centro earthquake shown in Fig. 9 . Because the system under consideration is a scaled model, the earthquake must be reproduced at five times the recorded rate. The maximum structural responses to the El Centro earthquake are presented in Table 2 . Here, is the displacement of the th floor relative to the ground, is the interstory drift (i.e., ), is the absolute acceleration of the th floor, and is the applied control force.
In this study, two cases are considered in which the MR damper is employed in a passive mode. In the first case, designated passive-off, the command voltage to the MR damper is held at 0 V. The second passive case the voltage to the MR damper is held at the maximum voltage level (2.25 V) and is denoted as passive-on. The results for these two cases indicate that both of the passive systems are able to achieve a reasonable level of performance. As shown in Table 2 , the pas-
sive-off system reduces the maximum relative displacement of the third floor by 52.7% of the uncontrolled values, and the passive-on system achieves a 68.1% reduction. Both passive systems reduce the upper story absolute accelerations and interstory displacements by approximately 50%. However, as compared to the passive-off case, notice that the passive-on controller increases both the absolute accelerations and the interstory displacements of the upper floors. Apparently, choosing a passive device that produces the largest damping forces may not always be the most effective approach to protective system design. (12), the closed loop semi-active system is simulated. Because the MR damper has the ability to dynamically modify its properties, the performance of the system employing a clipped-optimal controller (i.e., semi-actively controlled) surpasses that of both passive systems.The time responses for the third floor relative displacement and the third floor absolute acceleration are shown in Fig. 10 . Notice that the MR damper is able to reduce the structural responses, even during the first few cycles of the response. The peak structural responses to the El Centro earthquake are given in Table 2 . The clipped-optimal controller reduces the peak third floor relative displacement by an additional 30.7% and reduces the maximum peak interstory displacement by an additional 27.8%, as compared to the best passive responses. Notice that these performance gains are achieved by the semi-active controller while requiring smaller control forces than are required in the passive-on case. In addition, the semi-active controller reduces the maximum peak absolute floor acceleration more than the passive-on case, although not quite as well as for the passive-off case.
Insight into how the semi-active system achieves improved performance over the passive system is seen by examining Fig. 11 , which compares the control forces produced by the MR damper for the strong motion portion of the El Centro earthquake operating in both the semi-active and passive-on modes. A scaled version of the commanded voltage to the MR damper is superimposed on the figure. The ability of the MR damper to quickly respond to changes in the command- ed voltage are clearly seen here. The peak in the structural responses occurs at approximately 0.8 seconds. At this time the semi-active force increases and then sharply rolls off much faster than the force produced in the passive-on mode. Interestingly, the forces applied by the MR damper operating in semi-active mode are often smaller than those corresponding to the damper operating in the passive-on mode, again indicating that larger damping forces do not always produce better results.
As a final evaluation study, an assessment is made of the ability of the MR damper to achieve the performance of a comparable fully active control system. To this end, the active controller is assumed to be ideal, in that actuator/sensor dynamics are not considered. In reality, actuator/sensor dynamics often limit achievable performance [12] . Moreover, the forces generated by an actuator can be highly dependent on the corresponding response of the structure, particularly for lightly damped system. In this study, the actuator used to generate the active control forces is considered to be nondynamic and capable of generating the required control forces instantaneously; no interaction is allowed between the structure and the actuator. With these assumptions, the active control case considered herein is designated an ideal controller and represents an upper bound on active control system performance for an appropriately sized actuator.
To have a basis for comparison of the active and semi-active control systems, a linear active controller is designed such that the peak control force is the same as that of the semi-active controller. Thus, the same capacity actuator would be required to implement either control strategy. An /LQG optimal active controller is designed by weighting both the third floor absolute acceleration and the third floor relative displacement.
The peak responses for the actively controlled structure are provided in Table 2 . The ideal active control system is also very effective in reducing the structural responses due to the El Centro earthquake, particularly the accelerations. Interesting, the peak third floor relative displacement was 10% smaller for the clipped optimal controller than for the active system. The maximum of the peak interstory displacements is also 15% smaller with the clipped-optimal controller than with the active control. This result is quite remarkable given that the MR damper uses only a small fraction of the power required to operate the active control system. This result may be attributed in part to the fact that semi-active devices are inherently stable, allowing high authority control strategies to be effectively designed and implemented. 
Conclusions
The performance of a semi-active control system based on newly developed magnetorheological (MR) fluid dampers has been studied. A recently reported model for the MR damper was presented which is capable of predicting the response of the MR damper over a wide range of loading conditions and command voltages, and a clipped-optimal controller was proposed for control implementation. In this approach, a linear optimal controller was designed and combined with a force feedback loop to adjust the command voltage of the MR damper to approximate the optimal force level. One of the attractive features of this control strategy is the fact that the feedback for the controller is based readily obtainable acceleration measurements, thus making them quite implementable. In addition, the proposed control design does not require a model for the MR damper.
The effectiveness of the MR damper using the proposed clipped-optimal control law has been demonstrated through numerical example. Excellent results were obtained when this strategy was applied to control a model of a seismically excited three-story scaled building model. Because the semi-active system has the ability to vary its properties to more effectively control the structure, the clipped optimal controller performed better than both the passive-off and passive-on control systems. A comparably designed ideal active control system was also considered. The performance of the semi-active control system employing the MR damper was found to be modestly better in reducing peak displacements than that of the linear active controller, indicating that the semi-active control system is capable of not only approaching, but surpassing, the performance of linear active control system, while only requiring a small fraction of the power that is required by the active controller. Similar results have been obtained experimentally [11, 16] . Additionally, full-scale MR dampers have been designed [8] and will be tested at the University of Notre Dame in the near future.
Finally, note that the algorithms that explicitly incorporate actuator dynamics and controlstructure interaction into the control design process may offer additional controlled performance gains [12] . Efforts are currently underway to investigate this possibility.
